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INTRODUCTION

Inthe event of an oil spill in Bristol Bayoronits
shoreline, the U.S. Coast Guard predesignated
On-Scene Coordinator (OSC) is responsible for
ensuring that timely and adequate containment
and removal actions are taken. Responsible par-
ties must take the appropriate clean-up action and
the Coast Guard OSC's role will be to monitorthese
actions. If the spiller’s response is inadequate, or
when the responsible party is unknown, the OSC
may initiate clean-up action using federal poliution
funds. In either case, the OSC will be operating in a
unique, remote, and hostile environment, where
clean-up actions are expensive and environmental
conditions are very sensitive.

In order to effectively respond to a spill in the
Bristo! Bay area, information on the conditions that
could affect oil spitl behavior and oil cleanup is
essential. This environmental atlas has been com-
piled to provide the OSC with this information for
the Bristo! Bay area. This atlas is designed so that
the necessary information can be found quickly
and is easily understood. it is important to
emphasize that an atlas, no matter how compilete,
cannot replace actual field reconnaissance. It
does, however, provide a means by which the user
can become familiar with environmental condi-
tions in the area. The atlas also provides reference

material for decision making in response needs. it
can aiso help the OSC, who may not have special
oceanographic training, obtain the necessary in-
formation in a straightforward manner.

The atlas is divided into four sections:
Oceanography, Meteorology, Climatology, and
lce. It is designed to answer two questions an OSC
responding to an oil spiil might ask: (1) into what
areas can the spill be expected to drift and how
soon and (2) what environmental conditions will
personnel be facing at the spill clean-up site? Cur-
rent weather conditions and the specific
geographical location of the spill source wouid be
the atlas entry points for calculating estimated tra-
jectories. This information is located in the
oceanography section. Questions regarding
expected environmental conditions can be
answered from information available from the
atlas meteorology, climatology, and ice sections.
These sections contain comprehensive graphs,
maps, and tables on means and extremes and fre-
gquency of occurrence of environmental conditions
and, therefore, operational conditions that
response personnel can expect to encounter.
Maps and graphs are from the most up-to-date data
compilations available at this time and should
remain up to date for quite some time.




OCEANOGRAPHY

Many variabies influence the oceanography of
Bristol Bay and the adjacent Bering Sea. The
_physicai characteristics of this region constitute
one such variable. Shallow depths, broad reaches,
and two peninsula-like capes have a profound
effect on regional oceanographic phenomena. An
equally important variable concerns the region’'s
climate. Bristol Bay is characterized by seasonal
climatic extremes. Air temperature, daylight, wind,
and sea ice dynamics must be taken into account
in the transport and cleanup of spilled oil.

Water density is another critical factor in that
seasonal fluxes and advection influence circula-
tion dynamics, particularly during low wind and
ice-covered regimes. Salinities are slightly lower
during the open-water season because of dilution
by river runoff. Fresh water inflow into the bay is
from several rivers, the largest of which are the
Nushugak, Kuskokwim, and Kvichak. This runoff
has a pronounced seasonal pattern with most of
the annual inflow occurring between April and
November.

Geostrophic circulation in the normal sense
does not exist in Bristol Bay. While the possibility
of such circulation is suggested by the size of the
area, It is precluded by the shallow depth of the
waters and particularly by the instability of local
meteorologic conditions. instead of geostrophic
flow, estuarine mechanisms must be fitted to
explain the system.

The fundamental circulation pattern in outer
Bristol Bay during the ice-free months (April-
November) appears to be a simpile,
counterciockwise gyre. The driving forces for this
system are a combination of wind, tide, and
estuarine thermohaline effects. Prevailing winds

THE PHYSICAL ENVIRONMENT

Bristol Bay waters are more estuarine than
cveeanic in their flow and water mass properties.
The embayment, and its associated bays,
estuaries, and tidelands, are among the most pro-
ductive waters in the world. Tides in the shallow
bay are influenced by the strong Bering Sea cur-
rents and a significant portion of the bay’s water is
exchanged daily (USDOI, no date). In addition, the
many freshwater systems that discharge into the

during the open water season blow from the
southwest and west; so, in the region just north of
the Alaska Peninsula, they tend to move the waters
eastward and toward shore. This tends to force into
the bay North Pacific water which has just entered
the Bering Sea through Unimak Pass and the other
eastern Aleutian passes. The incoming tide from
the Pacific enters through the passes, is deflected
toward the east by coriolis effect, and thus rein-
forces the eastward flow. The main stream of this
part of the gyre follows the axis of a gentle trough
which parallels the Alaska Peninsula, roughly 50
km oftshore. Inshore of the current, during the
runoff season, there is a region of brackish coastal
waters dominated by very local influences, but with
a similar eastward net flow.

At the boundary between the inner and outer
bays, northeast of Port Heiden, the eastern seg-
ment of the gyre meets the brackish coastal waters
oftheinnerbay. Considerable mixing occursinthis
region, particularly in the area between Cape Con-
stantine and Cape Newenham, after which the
resuiting waters move north and west. An uncer-
tain but large percentage of the bay waters pro-
ceeds north in the Bering Sea at ail seasons form-
ing asignificant partofthe flow whichisreinforced
with the waters of the Kuskokwim and Yukon
Rivers, and moves through Bering Strait into the
Arctic Ocean Basin. The remainder moves
westward toward the Pribilof Islands and ultimate-
ly mixes with the waters at the edge of the sheif.
Thus the circulation “‘gyre’ of Bristol Bay is really
more of a U-shape than a complete circuit,
although some indirect evidence from the trajec-
tories of fish eggs and drift bottles suggests thata
true gyre exists during some parts of the year.

bay bring with them a rich nutrient load. The entire
bay has been compared to an estuary in which
North Pacific surface waters and local runoff mix.
The large size, shallow depth, and high latitude
subarctic climatic regime complicate the water
mass picture. It is best characterized by its high
variability, both seasonally and interannually, and
even in the brief interval of a single storm event.
See figure 1.
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CIRCULATION

The primary flow of water into the Bering Sea
originates at Unimak Pass. The source waterof this
flow is the Alaskan Coastal Current, from south of
the Aleutians. Within the pass and north of Unimak
Island, much of the coastal current is entrained
into the wind-driven flow along the north Aleutian
coast. Typically, this current flows to the northeast
into Bristol Bay in the direction of the prevailing
wind, following bathymetry contours along the
coast. At times, the north Aleutian coastal current
will undergo a reversal in direction due to changes
in the large-scale and mesoscale wind direction.
Atmospheric forcing produces a fluctuating
influence on the net northeasterly flow within
southern Bristol Bay. Because winds are highly
variable, their contribution to net circulation is dif-
ficult to quantity, but the alongshore component of
winds is highly correlated with both onshore and
alongshore components of surface and subsur-
faca currents.

Sea level changes on either side of Unimak
Pass due to storm track and pressure cell move-
ment are probably responsibie for the fluctuation
of magnitude and direction in the flow through the
pass, which at times is southward. These reversais
are more likely to occur when the flow from the
seasonally variable Alaskan Coastal Current, from
the Gulf of Alaska, is at its minimum. The shoaling
bottom through Unimak Pass gives rise to vertical
turbulence and mixes the water column.

On the north Aleutian shelf, the net nor-
theasterly flow of 1-5 cm/s is present within the
coastal zone (Baker 1983; Cline, et al. 1982; Thors-
teinson 1984). This current is believed to be con-
tinuous with a weak current past Nunivak Island
(Kinder and Schumacher 1981). Near Port Moller,
currents have smaller magnitudes and do not
intensify near the coast. Close inshore, within 50
km, currents ranges from 1 to 6 cm/s (Schumacher
and Kinder 1982).

A weak mean flow shows a cyclonic tendency
around the perimeter of Bristol Bay, with maximum
speeds (roughly 3.5 cm/s) found near and inside the
50-m isobath and in the coastal domain. Mean
speeds observed in the central shelf domain were
less than 1.0 cm/s, with no sense of an organized
circuiation (Kinder and Schumacher 1981). There is
apparently a net westward convection of water
from the centrai basin of Bristol Bay into the Bering
Sea which probably balances the mass of input via
Unimak Pass. However, flow in this central region
is highly variable, atmospherically forced, and dif-
ficult to quantify. Coastal waters along the nor-
thern boundary of Bristol Bay, also called the
coastal current, continue to follow the bathymetry.

The coastal current flows northwesterly into the
Bering Sea and then northerly aiong the
Yukon/Kuskokwim Deita. Thus, the fundamental
circulation in outer Bristol Bay consists of a
typicatly unclosed counterclockwise gyre open to
the Bering Sea and driven by a combination of
wind, tide, and estuarian thermohaline effects.

Ninety to ninety-five parcent of the velocity
variance within the bay is tidal, with tidal currents
an order of magnitude larger than the mean flow.
Forexampie, on the north Aleutian shelf, where net
currents are only 1-5 cm/s and the typical wind-
driven currents are approximately 10 cm/s at 5 m,
the tidal currents are 40-80 cm/s or more (Thorstein-
son 1984). Turbulence resulting from tidal currents
causes mixing of the water column from the bot-
tom to about 50-m above the bottom.

Tidal currents in Bristol Bay are nearly revers.
ing along the Alaska Peninsula and become more
cyclonic and rotary offshore. National Ocean
Survey current tables show a change in maximum
ebb currents from 20-25 cm/s up to 30-40 cm/s in
June near Amak Island. Near Port Moller, the tidal
current speeds are as high as 100 cm/s (U.S. Depart-
ment of Commerce 1980). At a depth of 2 m the
calculated tidal residual current is approximately
3-4 cm/s, spatially highly variabie, and directed to
the northwest (Liu & Leendertse 1979). Figures
2a and 2b illustrate sea surface currents in Bristol
Bay for the summaer and winter regimes.

Kinder and Schumacher (1981)identified three
separate hydrographic flow regimes in the
southeastern Bering Sea. The Coastal regime is
present inside the 50-m isobath in the vicinity of
Nunivak Island. It is characterized by generally
warm, low saline, vertically weli-mixed water which
has typical currents on the order of 2-5 cm/s toward
the northwest. The Middle regime is present in the
central Bristol Bay region, where water depths are
on the order of 50 to 100 m. It is divided from the
coastal regime by a front with an enhanced salinity
gradient and is characterized by a strongly
stratified, two-layered structure extending approx-
imately to the 100-m isobath. Mean flow is gen-
erally less than 1 cm/s, with no characteristic
vactor-mean direction. The Outer hydrographic
region is divided from the middle region by a front
along the 100-m isobath and is present out to the
sheif break in the open waters beyond Bristol Bay.
A fine vertical structure separates surface layers
from the deeper, more well-mixed layers. The
vector-mean current in this regime is directed to
the northwest, with magnitudes on the orderof 1-10
cm/s and a statistically significant cross-sheif
component of about 1-5 cm/s. See table 2.
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Table 2. Characteristics of southeastern Bering Sea flow regimes (adapted from

Schumacher and Kinder 1983).

Outer
(100m-shelfbreak)

Middle Coastal
(50-100m) {Coast-50m)

1. Mean 1-10 cm/sec along isobaths,
counterclockwise (due both
to baroclinicity and tide-
bathymetry interactions.
1-5 cm/sec across isobaths,
shoreward (dus primarily to
oceanic forcing)

2. Fluctuating 81% tidal-remainder equally

horizontal due to meteorological and
kinetic energy aceanic forcing

*See Pearson, Baker, and Schumacher 1980.

1-6cm/sec, counter-
clockwise (due both
to baroclinicity and
tide-bathymetry

Not statistically
significant except
along middle and
outer fronts

interaction
92%tidal- 94%tidal-remainder
remainder primarily primarily meteoro-

meteorological in logical in form of

form of rotating Ekman divergence and

current associated longshore
geostrophic current
pulises*®

WATER MASS PROPERTIES

Water density, a critical factor in the transport
and cleanup of spilled oil, is a function of
temperature, salinity, and pressure. It will impact
the buoyancy, trajectory, and fate of spilled oil in
Bristol Bay. At high latitudes (arctic and subarctic
waters) salinity is the major component determin-
ing sea water density, which is represented by the
function (sigma-t). At the sea surface, the average
density is about 1.025 gm/cm3. it is necessary to
know the density to at least five decimal places,
and all numericai values of seawater density ()
begin with 1.0. A custom of representing the densi-
ty in an abbreviated form is given by

sigma-t = (2 -1)x 103,

So a seawater density of 1.02478 has a sigma-t
of 24.78. Seasonal vertical and horizontal fluxes
and advection of water masses influence the cir-
culation dynamics, particularly during times of low
wind and ice cover.

If a single characteristic could typify the
waters of Bristol Bay during the open water season
it is erratic variability. The entire area has been
regarded as an estuary system in which North
Pacific surface waters and local runoff mix. The

situation is complicated by the large size, shallow
depths, and the high latitude subarctic climatic
regime. Brief violent storms can alter density struc-
tures of the water, cause upwelling or downweli-
ing, and lead to drastic changes in the
characteristics of the surface water and entire
water column. Furthermorse, water properties from
year to year are highly variable. All this variability in
the system makes it difficult to characterize and
define consistent long-term trends.

AEIDC(1974) divided the waters of Bristol Bay
into four types identified by region, temperature,
and salinity. These are not true oceanographic
“water masses’ but useful classifications foriden-
tifying the uensity distribution. The types are North
Pacific Water, relatively normal sea water from the
Pacific which occurs just north of Unimak Pass;
Bristol Bay Slope Water, mixed water which lies
along the continental slope between Unimak Pass
and the Pribilof Islands; Bristol Bay Central Water,
found inthe gyreof the outer bay, and inner Bay and
Coastai Water, the water showing strong terrestrial
influence that dominates the head of the Bay. The
general characteristics of these water types are
given in table 3.




Table 3 Typical Surface Water Characteristics in Bristol Bay, Summer (June-August).
Data assembled from University of Alaska, Hokkaido University, U.S. National
Marine Fisheries Service, and U.S. National Oceanographic Data Center

Temperature (°C) Salinity (ppt) No. of
Water Type Mean Range Mean Range Obs.
North Pacific 7.4 5.0-10.6 32.7 32.3-33.1 42
(North of Unimak Pass)
Bristol Bay 8.8 5.4-10.6 320 31.4-32.8 58
Slope
Bristol Bay 7.9 1.8-12.3 314 30.0-32.6 68
Central
Bristol Bay 11.4 1.3-18.2 289 12.4-31.2 44
inner and Coastal
Figures 3a-3c depict monthly sea surface Figures 6a-6¢c depict monthly long-term mean
temperature means. sea surface salinities.
Figures 4a-4c depict monthly sea surface Figures 7a-7¢ depict monthiy long-term near
temperature extremes. bottom salinities.

Figures 5a-5¢ depict monthly Jong-term mean
near bottom temperatures.
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WAVES

The north Aleutian shelf is characterized by
severe waves generated by local storms. Long
fetch, storm duration, and shallow depth con-
tribute to high wave conditions. in summer, when
.winds are from the south the nearshore Bristol Bay
area is in the lee of the Alaska Peninsula. Conse-
quently locally generated waves are not too severe.
In winter, winds are more northerly at about 10to 15
m/s. This greater fetch and speed generates
increased wave heights and periods. Maximum

observed heights in June are about 5.5 m averaging
about 1.5 m. Maximum observed heights in
November are about 9.0 m with 60% exceeding 2.0
m (USDOI, no date). Maximum wave heights have
been measured at 9.5 m in September and October
(Brower, et al. 1977). Figure 8 shows monthly wave
height thresholds for Bristol Bay. Marine area C on
the accompanying graphsis that portion ofthe Ber-
ing Sea between 55° and 60°N latitude and east
from 169 °W longitude to the coast.

Graphs: Wave height thresholds

Wave height frequencies.

1ad

WAVE SEIGHT ‘A1)

Percent frequency of various ranges within the area.

0-75 12,0
- LD L. 3 _---- {30.0% of all observed wave heights were in
_ the range 2 to 2.5 meters.)
P RO 7T e
RISRD I >0 0
- <L N = Observation count.
1 _ X = TN
Ze ' 3 : Wave data for these tables were selected from the
-t R higher of sea or sweil when both were reported.
= 3 C 3
Figure 8-legend
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Wave Height Thresholds

Maerine Ares C

WAVE NEIGHT (W)

Marine Ares C

WAVE WEIGHT (M)

Marine Area C

WAVE HEIGHT (M)

0-0.5 11.8 0-0.5 14.9 0-0.5 20.7
1-1.5 33.1 1-15 28.4 =15 35.9 ‘
2-25 28.2 2-25 28.9 2-25 26.7 ‘
3-35 14.9 3-35 17.2 3-35 10.7 }
4-55 9.6 4-55 9.3 4-55 4.7 |
26.0 2.4 26.0 1.3 26.0 1.3
N= 3378 N= 3324 N= 372C
January February March
Marine Ares C Marine Ares C Marine Ares C
WAVE WEIGHT (M) x PAVE HEIGHT (M) x WAVE HEGuT (W) * ‘
0-0.5 19.8 0-0.5 30.1 0-0.5 33.8
1-1.5 39.2 1-15 42.7 1-1.5 46 .3 \
2-25 25.5 2-25 19.3 2-25 5.9
3-35 8.5 3-35 5.1 3-35 2.6 |
4-55 5.6 4-55 2.4 4-55 L3
26.0 1.4 26.0 0.4 26.0 0.0
N= 4070 N= 5197 N= 5175
April May June
| Merine Ares C Marine Aree C Marine Ares C
J‘ WAVE HEIGHT (M) % WAVE HEIGHT (M) L3 WAVE HEIGHT (M) %
: C-C.5 30.6 0-0.5 20.5 0-0.5 16.4
1-15 48.6 1-1.5 50.9 1-1.5 43.5
2-25 15.7 2-25 21.9 2-25 26.3
3-35 4.3 3-35 4.9 3-35 8.7
4-55 0.7 4-55 1.4 4-55 4.2
26.0 0.1 26.0 0.3 26.0 0.9
N= 5657 N= 5072 N= 5573
July August September
| Marine Ares C Maerine Area C Maerine Area C !
WAVE MEIGHT (M) L3 WAVE MEIGMT (M) % WAVE REIGRT (M) %
% 0-C.5 8.8 0-0.5 7.3 0-0.5 t22
; =15 :5.8 1-15 29.3 =15 <29.9
2-25 29.9 2-2.5 29.3 2-25 26.8
3-35 4.8 3-35 17.9 3-35 8.7
4-55 8.6 4-55 12.7 4-55 9.4
26.0 2.2 26.0 3.5 26.0 2.
N= 3593 N= 2793 ; N= 216"
October November December
25 Figure 8a




TIDES

Tides are dominated by a tidal buige which
enters the Bering Sea through central and western
Aleutian Strait, principally Unimak Pass, and pro-
gresses as a free wave onto the Bering Sea sheif.
The tide is predominantly a mixed semidiurnal tide
over the southeast portion of the sheif. Both diur-
nal and semidiurnal components are present. A
portion of the the area from Cape Newenham north-
ward is primarily of the semi-diurnal type which
means there is little difference in tide levels be-
tween the two high waters and two low waters that
occur daily.

RIVER DISCHARGE

The major point sources of freshwater
discharge into Bristol Bay are the Kuskokwim River
which drains into Kuskokwim Bay, the Nushagak
River in the northeastern corner of Bristol Bay near
Dillingham, and the Kvichak River at the eastern
junction of the Alaska Peninsula and southwest
Alaska.

Figure 10 depicts hundreds of smali streams,
creeks, and various sized rivers along the North
Aleutian Shelf and Alaska Peninsula. These
cumulatively discharge a line source of freshwater
to the surface waters of Bristol Bay. The volumetric
flow rates for only five streams and rivers have
been measured by the U.S. Geological Survey
Water Data Report. Muitiyear averaged monthly
and annual discharge rates for these rivers, as well

Tide ranges in the area vary from over 5 m (16 ft)
in Kvichak and Nushagak Bays, 3 m (10 ft) in the
north end of Kuskokwim Bay down to slightly less
than 2 m (6 ft) west of Port Molier and Cape
Newenham area. Tide ranges decrease to the west
throughout the area. Toward the head of Bristol
Bay the largest amplitudes exceed 6 m. Tidal
ranges at Port Moller average 3.3 m comparedto a
range of 6.9 m at Naknek River entrance (Brower, et
al. 1977). Tidal ranges, types, and corange lines for
Bristol Bay can be seen on Figure 9.

as total runoff volume, are shown on tables 4
through 8.

Overall, the total freshwater input into Bristol
Bay is estimated to be the sum of the three major
rivers plus the cumulative drainage of the smailer
streams. The line source of freshwater from these
streams is probably two orders of magnitude
greater than that produced by a single stream.
Hence, if discharge from Russell Creek and
Eskimo Creek range from 1 x 107 to 2 x 108, total
small stream drainage into Bristol Bay is approx-
imately 1 x 109-1010 m3 per year, in addition to the
discharge from the Kuskokwim, Nushagak, and
Kivchak rivers. The entire annual volume of
freshwater discharge is estimated to be on the
order of 1 x 1011 m3/year or 8 x 107 acre-feet/year.
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Table 4. Russell Creek drainage (near Cold Bay). Hydrologic Unit 19040003.
Gage Location: 55°10'55”N; 162°41°'08"W.
Drainage Area: Approximately 25 mi2.
Flow Rates: Presented for water years 1983-1985.

—— — T ——

Cubic feet per second (ft3/s) Volume
Month Mean Maximum Minimum Acre-feet Meters3
Jan 190 365 133 11,677 1.4 x 107
Feb 121 193 84 6,817 8.4 x 106
Mar 132 316 74 8,137 1.0x 107
Apr 134 265 81 7,953 9.8 x 106
May 188 392 117 11,577 1.4x 107
Jun 244 395 181 14,540 1.8 x 107
Jul 285 521 199 17,563 2.2x 107
Aug 313 750 186 19,207 2.4 x 107
Sep 350 1,117 181 14,761 1.8 x 107
Oct 262 991 151 16,090 2.0x 107
Nov 311 675 175 18,497 2.3 x 107
Dec 345 947 191 21,210 2.6 x 107
Annual Total Total
Average 343 577 146 168,024 2.1x 108
acre-feet/year m3/year
Record 6 200 49
Extremes "..22/81 03/13-14/83

Table 5. Eskimo Creek drainage (at King Salmon). Hydrologic Unit 19040002.
Gage Location: 58°41°08”N; 156 °40'08"W.
Drainage Area: Approximately 16.1 mi2.
Flow Rates: Presented for water years 1978-1985.

Cubic feet per second (ft/s) Volume
Month Mean Maximum Minimum Acre-feet Meters3
<an 79 11.2 5.7 482.0 59x 105
Feb 6.1 228 39 353.6 4.3 x 105
Mar 15.1 27.4 6.6 927.8 1.1x 106
Apr 15.4 28.8 9.0 915.0 1.1 x 108
May 113 21.2 7.6 696.6 8.5x 105
Jun 13.7 29.2 7.0 815.8 1.0 x 106
Jul 10.8 16.3 71 661.8 8.2x 105
Aug 15.9 23.4 8.7 g 975.6 1.2 x 108
Sep 13.7 200 9.2 817.2 1.0x 108
Oct 217 44.0 12.0 1,330 1.6x 108
Nov 17.3 29.6 10.6 1,029 1.3 x 108
Dec 10.8 28.8 6.5 662.0 8.1 x 105
Annual Total Total
Average 12.8-13.3 74.5 16.2 9,668 1.19x 107
acre-feet/year m3iyear
Record 227 1.5
Extremes June 1967  January 1980
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Table 6. Kvichak River drainage (at lgiugig). Hydrologic Unit 19040002.

T TT————y——~

Gage Location: 59°19'44"'N; 155°33'57"'W.
Drainage Area: Approximately 6,500 mi2,

Flow Rates: Presented for water years 1980-1985.

P .

Cubic feet per second (ft3/s) Volume
Month Mean Maximum Minimum Acre-feet Meters3
Jan 16,366 17,500 15,620 1,006,420 1.24 x 109
Feb 14,792 15,760 13,960 833,580 1.02 x 109
Mar 14,386 15,200 13,240 884,640 1.09 x 10°
Apr 13,234 13,900 12,532 787,500 9.71x 108
May 12,588 14,050 11,686 834,100 1.03 x 108
Jun 15,352 17,700 13,354 913,460 1.13x 109
Jut 20,956 23,680 17,800 1,288,680 1.59 x 109
Aug 26,888 29,560 23,880 1,653,200 2.04 x 109
Sep 28,222 30,240 23,360 1,678,800 2.07 x 109
Oct 25,396 27,700 22,500 1,561,600 1.93 x 109
Nov 22,560 25,140 19,840 1,342,600 1.66 x 109
Dec 19,322 21,620 17,280 1,188,08C 1.47 x 109
Annual
Average Total Total
(for 31 yrs) 6,137 21,004 17,504 13,972,660 1.72x 1010
(for '80-'85) 19,171 acre-feet/year m3/year
Record 32,200 770
Extremes 07/02/77 04/16-30/60
Table 7. Nushagak River drainage (at Ekwok). Hydrologic Unit 19040002.
Gage Location: 59°20'57"'N; 157 °28'23"'W.
Drainage Area: Approximately 9,850 mi2.
Flow Rates: Presented for water years 1980-1985,
Cubic feet per second (ft3/s) Volume

Month Mean Maximum Minimum Acre-feet Meters3
Jan 9,249 9,720 8,920 568,640 7.01x 108
Feb 9,090 9,440 8,760 514,220 6.34 x 108
Mar 9,303 10,000 8,880 572,060 7.06 x 108
Apr 14,421 24,680 9,440 858,120 1.06 x 10°
May 36,514 52,660 23,620 2,245,200 277 x 109
Jun 43,038 57,140 34,380 2,661,000 3.28 x 109
Jul 33,520 44,380 26,700 2,061,200 2.54x 109
Aug 28,340 36,640 22,020 1,742,600 2.15x 108
Sep 22,362 30,700 18,200 1,330,520 1.64 x 109
Oct 26,538 42,300 17,660 1,631,800 2.01x 108
Nov 18,632 29,440 12,600 1,103,600 1.37 x 10°
Dec 11,226 11,960 9,840 690,320 8.51x 108
Annual
Average Total Total
(for7 yrs 21,853 29,922 16,751 15,539,980 1.92 x 1010
of racord) to to to

22,990 16,660,000 2.21x 1010

acre-feet/year m3/year

Record 89,200 6,000
Extremes 06/08/82 03/01-12/79
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Table 8. Kuskokwim River drainage (at Crooked Creek). Hydrologic Unit 19040001.
Gage Location: 61°52'16”N; 158 °06'03"'W.

Drainage Area: Approximately 31,000 mi2.

Flow Rates: Presented for water years 1980-1985.

Cubic feet per second ({t3/s) Volume
Month Mean . Maximum Minimum Acre-feet Meters3
Jan 12,940 13,800 12,600 780,120 9.62 x 108
Feb 12,090 12,400 11,500 690,860 8.52 x 108
Mar 11,206 12,100 11,000 681,620 8.41 x 108
Apr 16,370 22,900 4,200 974,020 1.20 x 109
May 82,460 131,200 43,600 5,070,402 6.25 x 109
Jun 76,102 109,760 56,620 4,527,600 5.58 x 109
Jul 72,424 96,020 55,300 4,453,400 5.49 x 109
Aug 78,052 107,280 55,520 4,799,400 5.92 x 109
Sep 53,624 73,660 40,860 3,190,800 3.94 x 109
Oct 33,978 52,920 21,400 2,088,800 2.58 x 109
Nov 17,545 21,600 15,800 1,047,940 1.29 x 109
Dec 14,462 15,200 13,800 889,180 1.10 x 109
Annual
Average Total Total
(for 34 yrs) 41,070 29,194 3.6x 1010
of record to 29,760,000 mdlyear

acre-feet/year

Record 392,000 6,100
Extremes 06/05/64 03/01-31/66
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OIL SPILL TRANSPORT

Possible Fate of Oll Spiiled in Bristol Bay

The fate of spilled oil depends upon acomplex
interaction of four principal processes: currents
and all circulation components; Stokes drift (sur-
face wind wave drift), ice, and weather patterns.
These four processes in Bristol Bay were inciuded
in an oil spill trajectory model developed by Liu and
Leendertse (1979) and presented in Thorsteinson
(1984). Probable movements of oil slicks and risk
analysis to coastal regions were computed.

The shallow depths of Bristol Bay and
Kuskokwim Bay, variety and plentitude of suspend-
ed particulate matter from river drainage, and
resuspension by coastal circulation argue for a
rapid sorption and sinking of oil (Sharma 1974, Bur-
rell, et al. 1981). Some oil will be sedimented
through incorporation into zooplankton fecal
peliets.

In the event of an oil spill reaching the coast
along Bristol Bay its persistence there would be
highly variable. Coastal currents are slow com-
pared with tidal currents and will be less effective
in circulating the oil around the outer gyre out of
the bay than the puising tidal flow which wiil mix
and remove oil from the central basin. The inter-
tidal zone is the most vulnerable region shouid oil
make contact. High wave energy and ice abrasion
in winter should mitigate the impact somewhat by
facilitating removai.

In summer when winds are predominantly
from the southwest, vil will move generally to the
east into Bristol Bay from lease areas along the
north Aleutian sheif. In summer or fail, oil may
reach the Alaska Peninsula within 30 days under
certain scenarios.

Fate of Spilied Oll In Presence of Sea ice

Inferences about the possible fate of oil spill-
ed in Bristol Bay during the presence of sea ice are
tenuous due to the near absence of documentation
of oil spilis in ice-infested waters and the relative
immaturity of the experimental state of the art con-
cerning oil-ice interactions. Obviously, the oil-ice
spill situation presents a more complex picture
than an open-water situation. The spectrum of
potential scenarios is large, varying according to
the particular circumstances of spill location, ice
coverage, morphology and structure, prevailing
weather conditions, time of year, and myriad other
factors.

Martin (1981) has categorized oil-ice interac-
tion processes in the Bering Sea as those that cap-
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ture oil and those that transport it. Processes that
capture oil include the interaction of oil with
smooth, unbroken, first-year ice and by grease and
pancake ice, as well as the interaction of ocean
swell, oil and the ice floes at the ice edge. Pro-
cesses that transport oll include the interaction in
lee-shore polynyas where grease ice is found, the
general advection of oil by large-scale ice move-
ment, and specific advection of oil by the bands of
ice found at the ice edge during periods of off-ice
winds. Oil trapped in sea ice may be carried
distances on the order of hundreds of kilometers
before being released when the ice melts (Martin
1981). In Bristol Bay depths are shallow and ice
generally hugs the shoreline. Strong tidal currents
tend to break up the pack ice in the central bay
most years. Oil released into Bristol Bay would
probably encounter the fast ice and nearshore
polynyas.

In winter, during the predominantly north-
easterly winds, spilled oil should generally move
westward into the Bering Sea at a mean speed two
to three times greater than during summer condi-
tions and may do so without reaching land (Thors-
teinson 1984).

An oll spill event in the vicinity of Bristoi Bay
could resuit in the Intertidai zones being con-
taminated by unweathered oil. An oil spill during
the ice-covered season in Bristol Bay couid have a
varlety of outcomes, depending upon the time of
year, location, and prevailing weather, among
other factors. (See figure 11.) If the spill occurred in
the open water outside the pack ice, the fate of oil
probably would be comparable to that during the
ice-free period. A spili occurring in close pack ice
would likely persist for an extended period due to
the lower amblent water and wind energy levels
acting to disperse and evaporate the petroleum,
and the physical containment of the oil by ice. Qil
released under the ice could remain there or move,
depending upon the speed of the ice relative to the
underlying water. The time of occurrence of an oil
splilinseaice would beinfluentialinits fate. A spill
during early winter could result in significantincor-
poration of oil in ice, extended oil persistence, and
concomitant long transport before release. Figure
11 shows the envelope of areal spreading likely to
be impacted by oil spilied in the Bristol Bay lease
sale area. Envelopes enclose possible trajectory
and dispersal regions during various seasonal and
regional source scenarios.
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METEOROLOGY

SEASONAL WEATHER

Surface terrain features in the vicinity greatly
influence weather patterns. The Aleutian Range to
the south along the Alaska Peninsula tends to pre-
vent storms moving south to north from crossing
the peninsula into Bristol Bay. Those that do cross
the Aleutian Range lose most of their precipitation
on the south side of the peninsula resulting in
small precipitation amounts on the south shore of
Bristol Bay. The Kuskokwim Mountains and their
extension into the Ahkiun Mountains tend to
enhance precipitation on the north side of Bristol
Bay.

Seasonal atmospheric pressure patterns also
have a large effect on the weather of Bristol Bay. in
winter the mainland of Alaska is often occupied by
a strong high pressure area which can persist for
weeks at atime. This high pressure area effgctively
preavents storms from penetrating the mainland
from the west or south. Storms that approach from
west or south tend to develop a strong pressure
gradient between the cold high pressure of the
interior and the approaching low pressure area.
The result is strong southerly and easterly winds in
the Bristol Bay area in winter. In spring the
mainland high pressure area breaks down with sur-
face heating of the land area into weak low
pressure in summer. This allows the storms from
the southwest to penetrate the interior.

Storms are most frequent in late summer and
fall with a secondary maximum in spring. Storms

are the least frequent in early summer and winter.
The seasonal storm tracks show a primary track
south of the Alaska Peninsula throughout the year.
In summer this track is farther south in the North
Pacific and is not on the maps in figure 12. Each
season has either primary or secondary storm
tracks from south to north in the eastern Bering
Sea. These are generally well off shore in the coid
part of the year and often come over land in sum-
mer and fall. The most intense and frequent storms
are in the fall with higher frequencies of storm
surge flooding and rough seas.

Nearly every winter there is a warming period
where the high pressure area over the mainland
breaks down and a storm from the south or
southwest brings a warming trend throughout the
area. This warming trend can persist for a few days
to several weeks. During this warming trend the ice
edge retreats northward and above freezing
temperatures occur throughout the area. Timing of
the warm trend is usually late December or early
January. Cold temperatures with advancing seaice
cover occurs again in late January and February.
Often the month of January is warmer than either
December or February because of this mid-winter
warming. The seasonal weather patterns cause the
east end of Bristol Bay to be much warmer in sum-
mer and colder in winter than the western portions
of the area more subject to strictly maritime
influences.
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STORM SURGES

Storm surges are waves oscillating in the
period range of a few minutes to a few days, in a
coastal orinland water body, resulting from forcing
from atmospheric weather systems (Murty 1984).
By this definition, wind-generated waves (often
referred to as wind waves) and swell, which have
periods of several seconds, are excluded. The
spectrum of storm surge waves is centered around
10-4 cycies per second (CPS), which gives a period
of about three hours. However, depending mainly
on the topography of the water body and second-
arily on other parameters such as the direction of
movement of the storm, strength of the storm,
stratification of the water body, presence ‘or
absence of ice cover, and nature of tidal motion in
the water body, the peariods of the water level
oscillations may vary considerably. Even in the
same water body, storm surge records at different
locations can exhibit different periods. The range
or height of a storm surge depends not only on
characteristics of the storm but also on the
topography onshore and bathymetry offshore.
Shallow water bodies generally experience surges
with greater ranges. Also, the height of a storm
surgeislessiftheseafloorissteepthanifthereisa
shallow slope to the sea floor (Murty 1984). Storm
characteristics that effect the height of a surge
include atmospheric pressure; wind speed, direc-
tion, and tength of fetch; the iatitude; and the direc-
tion and speed of storm movement. Air and water
temperature differences also affect the height of
surges.

Following is a discussion of the storm surge
potentials in the Bristol Bay area from a study done
in 1981 (Wise, Comisky, and Becker, 1981), sup-
plemented by storm statistics since then (NOAA
Storm Data, 1981-1986).

The coastal area is generally of low relief from
the Kuskokwim Delta to Goodnews Bay, with
numerous lakes, sloughs, and marshes. From
Goodnews Bay to the Nushagak Peninsula the
coastline is more rugged due to the proximity of the
Ahklun Mountains. The remainder of the north and
east coastline is similar to the stretch from the
Kuskokwim River to Goodnews Bay. Oftshore the
shape of the sea floor is conducive to the formation
and enhancement of storm surges. Most of the
north shore of the Alaska Peninsula east of Cold
Bay is favorable for the occurrence of storm surge
flooding, with low, marshy terrain onshore and a
moderately sloping sea fioor offshore. West of
Cold Bay the Aleutian Islands and the south shore
of the Alaska Peninsula conditions are not
tavorable due to rugged terrain onshore and steep
ocean floor offshore.

The accompanying map (figure 13) shows the
tracks of storms that may cause storm surge
flooding. Because of the high tide range at the east
end of Bristol Bay and Kuskokwim Bay, the timing
of a storm surge is very important in determining
the amount of flooding with a storm surge.

From Goodnews Bay northward an adequate
fetch can be generated with storm winds from
south through west to northwest. East of
Goodnews Bay, west-southwest to west are the
only directions from which an adequate fetch can
deveiop. Northerly to westerly winds are favorable
for storm surges along the Alaska Peninsula west
of Ugashik.

Autumn and fate summer are the seasons for
destructive storm surge flooding in this area. There
are ten known cases of storm surge flooding of
populated areas; seven were in autumn and three
were in August. Two storms, in November 1979 and
in August 1980, account for most of the factual
reports of storm surge flooding. The November
1979 storm caused storm surge flooding from Cape
Newenham to Scammon Bay. Surges were
estimated at 8 ft in exposed locations in the
Kuskokwim Deita. The storm was on a track from
weast-southwaest to east-northeast, and along fetch
of more than 400 mi developed with the storm. The
August 1980 storm, one of the few summer flooding
events, caused flooding on the shore ot Bristol Bay.
The storm was on a track from south-southwest
toward north-northeast from near Atka Island, in
the Aleutians, to Kuskokwim Bay. Exposed loca-
tions showed surge flooding up to 12 ft.

The coastal area from Hooper Bay to Kinak
Bay is a favored nesting area of migratory birds in
the spring and summer. Minor storm surges that
cover nests in this area at the wrong time can be
detrimental to the annual production of several
species of birds. Five cases of minor summer
flooding of the salt flats were documented in an
annual report for the Clarence Rhode National
Wildlife Refuge (USFWS 1964). One event (June 22,
1963) caused a loss of black brant offspring
estimated at 80% to 90°% of the year's production.

The following manual surge height forecast
procedure is adopted from Appendix Il of Storm
Surge Climatoloyy and Forecasting in Alaska
(Wise, Comisky, and Becker 1981). One of the
inputs into the procedure is the surge height vs.
wind speed curve for sections 11 to 15 shown in
figure 14, This curve is adapted from the above
reference.
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Manual Forecast Procedures

I. Definitions

A.

B.

SECTOR

LT .

SURGE - the height of the ocean’s surface
above forecast (tidal) levels.

FAVORABLE RELATIVE FETCH WIND
DIRECTION - Assume the coastal con-
figuration to be straight line segments as
shown on figure 15, Coastal Sectors for
Storm Surge Forecasting. When facing
seaward the relative wind direction is
measured clockwise from the coast. Thus
the coast to the left is 0°; seaward + 090°;
to the right 180°. If offshore, values are
from 0°-180 ° measured counterciockwise
from left coast. Favorable relative wind
directions are:

FAVORABLE DIRECTION
1 -020 to 120
12 050 to 150
13 -020 to 090
14 070 to 120
18 010 t0 090

In anidealized model the most favorable directions
are from -020 to 090 but topography working in con-
junction with gravity acting on anomalous sea sur-
face siopes creates surges (generally of lesser

magnitude) in areas wherein the wind is not blow-
1 ing from an idealized ‘“‘favorable” direction. The

favorable directions shown above are those
relative directions where the wind creates an
anomaious sea height somewhere nearby that, in
turn, affects the sector of interest.

C.

FETCH - An area in which wind direction
and speed are reasonably constant and
do not vary past the foilowing limits:

1) The wind direction or orientation ot
the isobars does not change direction
at a rate greater than 15° per 180 nmi
and the total changes do not exceed
30°.

2) The wind speed does not vary more
than 20% from the average wind
speed. Example: average wind is 40,
acceptable range is 32 to 48.

FETCH DURATION -thenumberofhoursa
coastal area is subjected to fetch winds.

LOWEST PRESSURE The lowest
pressure coincident with fetch induced
surge.

SEA ICE COVERAGE (minimum expected
during storm)- Percent of seaice coverage
in tenths.

SEA ICE CHARACTER - Primary concern
is thinness and weakness. Thin or uncon-
solidated ice can be destroyed by storm
action,

\ Surge Height vs Wind e
Surge Height 9 9 Speed
(Feet)
18
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13
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4 . 1
2
) 0 10 20 30 40 50 60
Wind Speed (Knots)

Figure 14




H. BOUNDARY LAYER STABILITY - The dif-
ference between the sea and air
temperatures. The boundary layer
temperature difference shouid be used
when estimating the fetch wind speed.
The following guidelines are suggested:

Correction to Geostrophic Wind for the Sea-Air
Temperature Difference

Ts.Ta Percent of geostrophic
°C winds used
0 or negative 50
0to 10 55
10to 20 60
20 or above 65

1. Procedure

A. Determine:

1) Fetch wind (speed and direction) from
a surface map analysis of pressure
gradient and reported wind. Consider
boundary layer conditions. If direction
is favorable continue with determina-
tion of:

a) fetch duration

b) ice cover

¢) lowest pressure

d) tidal variation if over 1 ft

B. Preliminary Surge Height - Using wind
speed, read correlated surge height from
appropriate coordinate labels in figure 14,
surge height vs. wind speed.

C. Duration Adjusted Surge Height - If fetch
duration is less than:
1) 3 hours reduce surge by 60%
2) 8 hours reduce surge by 40%
3) 9 hours reduce surge by 20%
4) 12 hours reduce surge by 10%
5) 12+ hours no reduction

D. ice Cover Adjusted Surge Height - If ice
cover is legs than:
1) 1.5 tenths no reduction

2) 3.0 tenths reduce surge by 20%
(cumulative to above)

3) 5.0 tenths reduce surge by 50%
(cumulative)

4) 10.0 tenths reduce surge by 75%
(cumulative)

5) Surges to 3 ft with 10 tenths ice cover
have been reported with ice to 3 feet
thick between October and January.
Also, consider sea ice character. Thin
ice, weak ice, or unconsolidated ice
can be effectively destroyed during
storm conditions—particularly in the
northern Bering Sea, with subsequent
surges to 9 ft.

E. Pressure Adjusted Surge Height - Raise
the surge height one foot for every 30 mb
pressure increment below 1004 mb.

F. Tidal Adjusted Surge Height - Check tide
tables or other sources. Forecast time of
highest range based on loss of favorable
wind direction, speed, or fetch. If peak of
surge time is reasonably coincident with
normal high water, make no correction. If
surge misses normal high water, subtract
as appropriate from surge height.

Example

A possible surge condition is developing in
sector 15. Fetch wind is southwest 35 kts.
Relative wind direction is 35, a favorable
direction for Sector 15. Preliminary surge
height is 10 ft (figure 14). Duration is 10 hours.
Reduce surge 10% (10-1 = 9).Ice coveris2ten-
ths. Reduce surge 20% (9.0-1.8 = 7.2). Lowest
pressure coincident with surge is 964 mb.
Raise surge height 1.3 ft (7.2 + 1.3 =8.5). Time
ofhigh water is coincident with time of surge,
no correction. Final surge height forecast is
8.5 ft.

The above surge reductions were subjectively
derived and may be adjusted with time and
experience.
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SUPERSTRUCTURE ICING

Structural icing on ships, offshore structures,
and port facilities is a winter hazard in open waters
and coastal sections of Alaska. The icing causes
slippery decks, renders moving parts inoperable,
and, in extreme cases, causes uneven loading and
raises the center of gravity on small ships.
Accumulation of ice on rigging and-on deck equip-
ment such as crab pots also increases wind effects
because a larger surface area is presented to the
wind. ice forming on structural surfaces above or
close to a body of water arises principally from sea
spray (Nauman and Tyagi 1985; Liljestrom 1985),
with lesser amounts from atmospheric precipita-
tion (freezing rain and wet snow) and fog (arctic sea
smoke, white frost, black frost). Sea spray, the
most dangerous source of icing, is produced by the
breaking of waves either by themselves or by
splashing against obstacles such as ships’ huils,
other floating objects, shore structures, and
possibly other sources (Minsk 1977).

Statistical analysis (Borisenkov and Panov
1972) of more than 3,000 cases of ship icing
indicates that in 86% of the cases icing was caus-
ed by ocean spray alone. Spray combined with fog,
rain, or drizzle (liquid sources) accounted for only
6.4% of the cases, and spray combined with (solid
source) snow only 1.1%. The cases of icing
attributable oniy to fog, rain, or drizzie account for
2.7% (Minsk 1977). In the remainder of icing cases
data were not sufficient to determine the cause.
Figure 18 identifies locations of reported
superstructure icing incidents in the study region.

Since the overwheiming majority of
superstructure icing on ships and offshore struc-
tures is from sea spray, the remainder of this sec-
tion will concentrate on this type of icing. Since a
ship can present differant aspects to the wind and
spray, it is to be expected that the amount of spray
reaching the ship will vary: Observations have
shown that the greatest frequency of spray
and, therefore, icing oocurs when a ship
is heading into the wind at an argle
between 15° and 45°. Asymmetrical icing occurs
under this condition, with the greater accumula-
tion on the windward side. Less icing occurs with
the ship headed directly into the wind, and then
accumulation tends to be uniform. With ships
heading downwind, spray icing is generaily much
iess than at other angles. in deveioping the
nomogram for forecasting spray icing potential,

T R ™ = ¥~ - g~
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downwind cases (those for which the ship's
heading was 120° or greater off the wind) were not
used.

Meteorological/oceanographic conditions
necessary for significant spray icing are water
temperatures less than 8'C, winds of 25 knots (13
meters per second) or more, and air temperatures
less than -2°C (28°F, the freezing temperature of
seawater of average salinity). Generaily, the
stronger the wind, and the colder the air and water,
the higher the rate of icing on comparabie vessels
or structures. In some cases, however, where the
wind fetch is not sufficient to fully develop waves,
icing rates are lower.

The accompanying potential superstructure
icing rate nomogram (figure 17)is a modification of
that shown in Wise and Comisky (1980), using the
open ocean cases appearing in Pease and Com-
isky (1985), developed from icing case histories in
the Gulf of Alaska and southern Bering Sea. Icing
intensities in inches per hour are also from Pease
and Comisky (1985). This nomogram was
developed for use in the Cl/imatic Atlas of the Outer
Continental Sheit Waters and Coastal Regions of
Alaska (in press). If a vessel experiencing icing
takes evasive action (i.e., changes heading,
reduces speed, seeks shelter, etc.), icing rates
experienced would probably be less.

To use the superstructure icing nomogram,
enterthe upperiett portion with the air temperature
and wind speed, at the intersection of these pro-
ceed diagonally to theright to the intersection with
the sea surtace temperature and read the icing rate
classification.

Reported cases of ship icing in the northern
Guif of Alaska and the Bering Sea are shown from
two sources; Borisenkov and Panov (1972) and
WBH29 (Dyson 1974-86). The lack of reported icing
in Bristol Bay and Kuskokwim Bay may be a result
of reduced ship traffic more so than conditions not
favorable for icing.

The potential for superstructure icing in the
area exists from November to April in the northern
part of the area and only December to March in the
south. Highest potential is January when up to 6%
of the time superstructure icing can occur near the
ice edge. Landfast and pack ice will limit ship traf-
fic in much of the area from December to March,
thereby decreasing the potential for superstruc-
ture icing as well.

—— —— e —— ~—



Superstructure Icing Reports, 1976-1983
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WIND CHILL
(Equivalent Temperatures)

The temperature of the air is not always a
reliable indicator of how cold a person will feel out-
doors. Other weather elements, such as wind
speed, relative humidity, and sunshine (solar radia-
tion), also exert an influence. In addition, the type
of clothing worn, together with the state of healith
and the metabolism of an individual, influence how
cold a person will feel. Cooling may be described
aslossof heat from exposed flesh. Freezing occurs
when there is such total heat loss that ice forms in
the exposed tissues. The cooling power of the
atmosphere (by wind) is primarily heat transfer by
advection—in human cases, by exposure of
uncovered flesh to the environment. Even small
amounts of air movament have considerable chiil-
ing effect because this movement disrupts or
removes the thin layer of warmed air that builds up
near and about the body. This air movement leads
to loss of total heat, since heat is transferred from
the core of the body to rewarm the new colder air,
replacing that blown away. Therefore, wind chill
not only leads to frostbite locally, but may con-
tribute to general hypothermia.

During the antarctic winter of 1941 a
formula was developed to determine wind
chill from experiments made at Little
America (Antarctica). The formula relates
heat loss (H) fram an abject or persan
to wind speed and to the difference
in temperature between the air and the
object or person (AT). The skin temperature of
most people is approximately 33°C (91.4°F). H is
measured in heat units (calorias) per unit area over
time. Heat losses for the human body can then be
computed for any combination of wind and
temperature. Equivalent temperature is based on
calmconditions and a person walking vigorously at
3 knots (4 mph). Each combination of wind and air

temperature produces a heat loss (H). The
equivalent temperature is that temperature that
would compute the same heat loss at a wind of 3
knots. The accompanying chart (figure 18) shows
equivalent wind chill temperatures in °C for
various combinations of winds in knots or km/hr
and temperatures.

Concepts in the following discussion of wind
chill are from an appendix to an article by William J.
Mills, Jr., M.D., as published in Alaska Medicine
(1973). Dr. Miiis is stili active in the treatment of
cold injuries in Alaska.

Almost everyone knows that the increased
speed of wind may cause increased danger of skin
freezing. Many assume that the increase in wind
speed causes the ambient air temperature to fali
lower. This is not 30. What does occur is air move-
ment, so that warmed air is moved away from the
individual exposed to the wind, causing first local,
then general body cooling. Any resultant decrease
of skin temperature is due to heat loss, insidious or
sudden. Local vasoconstriction, vascular shun-
ting, and cellular changes take place; eventually
ice forms in the tissues, with true tissue freezing or
frostbite.

Wind chill may occur not only from natural
wind, but also with air movement generated by a
moving vehicle such as boats, aircraft, or
helicopter rotoblades. These vehicies may
predispose passengers to frostbite or general
hypothermia. Equivalent temperatures of -30°C
(-22°F) or colder are considered to severely limit
outdoor activity. The maps which follow (figure 20)
in the section on temperature show the percent of
time that wind chill of -30°C (-22°F) occurs in the
Bristol Bay area (Brower, et al. in preparation).
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CLIMATOLOGY

Data in this section is depicted in the form of
isopleth maps and graphs. Graphed data are for
land stations (Cape Newenham, King Salmon, Port
Heiden, Cold Bay, and St. Paul) and for marine area
C between 55-60°N and east of 169°W, which
includes the entire area of interest plus some addi-
tional area to the west. Note also that the vertical
scale on the graphs varies considerably from one
location to another and by time of year. There is
considerably more data for the land stations than
the marine areas because land stations have more
observations per day than ships. Also ship traffic,

TEMPERATURE

The air temperature in Bristol Bay shows a
wide variability in both the warmest and coldest
months due to whether wind is offshore oronshore.
The east end of the Bristol Bay and the north end of
Kuskokwim Bay are coidest in winter and warmest
in summer because of offshore winds. in the col-
dest months of January and February mean air
temperatures in the area vary from-8°Cto-10°Cin
the north and east up to 0-2 °C in the southwest part
of the area. In the warmer months of July and
August, mean temperatures are 9-12 °C throughout
the area. Graphed data for marine area C show
monthly mean temperatures varying from-1.8°Cin
February up t0 9.8°C in August.

Marine area C on the accompanying graphs is
that portion of the Bering Sea between 55° and
60 °N latitude and east from 169 °W longitude to the
coast.

Minimum temperature extremes in the east
end of Bristol Bay are down to -32°C in the coldest
months of January and February. During the
warmest months of June, July, and August, max-
imum temperatures of over 20°C occur in the east

historically has decreased considerably during the
winter months when water transp.rtation and
fishingare ataminimum and seaiceis present dur-
ing late winter. Figure 19 is a graph of the duration-
of-daylight for the northern hemisphere and
defines daylight as the period from sunrise to
sunset. Additional light (during iwitight) may be
usable for many purposes. Duration of daylight in
high latitudes {poleward of about 60°) becomes
increasingly dependent upon atmospheric condi-
tions and refraction which may cause some depar-
ture from the values depicted on the chart.

end of Bristol Bay and aredown to 15°C at the west
end of the area.

Temperature variations with wind direction in
marine area C show a difference of up to 10°C bet-
ween northerly and southerly wind directions dur-
ing the coldest months and very little difference
with wind direction from May through October.
Adjacent land stations show more temperature
variation with wind direction than marine area C.

Figures 20a-20c indicate mean air
temperature and frequency of wind chill factor
below -30°C.

Figures 21a-21c depict air temperature
extremes.

Figures 22a-22f, the air temperature/wind
speed charts, indicate the percent frequency that a
given air temperature occurs coincidentally with a
given wind speed.

Figures 23a-23f, the air temperature/wind
direction charts, indicate the percent frequency
that a given air temperature occurs coincidentally
with a given wind direction.
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Figure 20b
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Graphs: Air temperature/wind speed

1694*" " Wind Speed (knots)

Percent frequency of simultaneous occurrence of specified
temperature (°C) and wind speed (knots).

TEMP 10~ |4= 11— 122 .. Number of observations.
(°C) 3 10 21 33] 234
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Figure 22 - legend
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Graphs: Air temperature/wind direction

Cumuiative percent frequency of temperstures equal

RS Tog — o to of lass than the temperature interaected by the curve
LR . e N

30 N AT ‘ ---------- Number of observations.

- L e . '/‘ . _J_"!E_ ...... - Mean tempessture {°C).

i o TTeeens SRR Standard devistion of temperatures (°C).
" Bl ‘E-S'EV """" --- (80% of all temperstures were 0.9 °C or <33 6 °F)

[ — - J Mean temperature for each wind direction, caim and for all date

7, - 'S combined are represented by dott.
e [ R

o TN "o - {With § winds, the mean temperature wes 2.1 °C or

K P ‘ . 36.8 °F.)

e || N
Lo W 2 Indicates that the mean temperature for a direction or calm was
o . computed from 10-30 observations.
I . . .
’“ The mean tempersture is omitted when less than 10 observations
P JAE AN tor & direction or calm were available.
. . 1e
noL 3 a4 3 T e . . .
Lo TEmsEmaT _pE . 3- Y . s 777 Meaximum snd minimum air tempersture.
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PRECIPITATION

In the open waters of marine area C on the ac-
companying graphs (that portion of the Bering Sea
between 55° and 80°N latitude and east from
169°W longitude to the coast), we note that fre-

. quency of precipitation averages 19% of the time

annually with individual months varying from 11%
in June to 28% in December. The cold months from
November to April show the highest frequency of
precipitation, most of which is snow, while from

May to October the most frequent precipitation is
rain. Snow has occurred in all months except July
and August while rain and drizzle occur in all
months of the year. A similar pattern prevails at
land stations. Heaviest precipitation occurs in late
summer and fall with the wettest months either
August, September, or October.

Figures 24a-24f indicate the percent frequen-
cy of various types of precipitation in Bristol Bay.

Graphs: Precipitation types

25

204

________

PRECIPITATION

A4

S M-m § MeM S M-oM S Mem S Wew ALL
oRIZILE QAN SNOow SHOWERS AL pCoM

Percent frequency of precipitation by type and intensity
(S - slight, M - moderate and H- heavy).

- -- Number of observations.

Bars show percent frequency of observations
reporting Precipitation of various types and
intensgities.

--- O indicates no observations in the category

--- x indicates <.06% but >0.

"""" (4% of all observations recorded moderate
to heavy precipitation.)

Figure 24 - legend
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Wind Equivalent-Beaufort Scale

Table A10-5. Wind Equivalent--Beaufort Scale

Beaufort MPH Knots Intern.atx.onal Specifications
Number Description

0 Less than 1 | Less than 1} Calm Calm; smoke rises
vertically

1 1- 3 1- 3 Light air Direction of wind shown
by smoke drift but not
by wind vanes.

2 4- 17 4- 6 Light Breeze | Wind felt on face; leaves
rustle; vanes moved by
wind

3 8-12 7-10 Gentle Breeze| Leaves and smalltwigs
in constant motion; wind
extends light flag

4 13-18 11-16 Moderate Raises dust, loose paper;
small branches moved

5 19-24 17-21 Fresh Smalltreesinleafbegin
tosway; crested wavelets
form on inland waters

6 25-31 22-21 Strong Large branches inmotion;
whistling heardintele-
graphwires; umbrellas
used with difficulty

7 32-38 28-33 Near gale Whole trees in motion,
inconvenience felt walk-
ing against wind

8 39-46 34-40 Gale Breaks twigs off trees;
impedes progress

9 47-54 41-47 Strong gale Slight structuraldamage
occurs

10 55-63 48-55 Storm Trees uprooted; consider-
able damage occurs
11 64-72 56-63 Violent Widespread damage
storm
12 73-82 64-71 Hurricane

Federal Meteorlogical Handbook No.1, Surface Observations, CH10 Wind, Page A10-11.
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WIND

Wind data from marine area C (that portion of the
Bering Sea between 55 ° and 60 °N latitude and east
from 169 °W longitude to the coast) shown on the
following wind speed/direction graphs do not show
a strong preference for any direction at any time

- during the year. However, there is a preference for

winds northwest to north to northeast in the cool
part of the year from September through June with
west and southwest diractions prevailing in July
and August. Over the open water wind speeds
average 18.1 knots annually varying from 19.1
knots in November down to 13.8 knots in August.
At coastal and island stations in the Bristol
Bay area, wind speeds are somewhat less varying
from an annual speed of 9.2 knots at King Salmon
to 15.0 knots at St. Paul. Prevailing winds show a
pattern of northerly in winter and southerly to
westerly in summer except where local terrain
channels wind, like Cold Bay. As over the open
water winds tend to be strongestin winter and least

in summer. Note that in the following map set,
winds greater than 34 knots occur up to 5% of the
time in the west portion of the area from October
through February, with no occurrences from March
to September. Moderate winds 22-33 knots occur
over 20% of the time October to Aprif in the west
end of the area dropping off to less than 10% at the
east end of the bay. Winds less than 11 knots occur
up to 20% of the time in July and August in eastern
portions of Bristol Bay and down to 20% at the west
end of the area in November.

Figure 25 presents the Beaufort Scale, avisual
wind equivalent scale.

Figures 26a-26f show the wind speed and wind
direction.

Figures 27a-27¢ show the occurrence of winds
exceeding 35 kts and those less than 10 kts.

Figures 28a-28¢ show the occurrence of winds
in the ranges of 11-21 kts and 22-23 kts.

Graphs: Wind speed/direction

Direction frequency (top scale) Bars represent percent frequency of winds observed from each direction
Speed frequency (bottom scale): Printed figures represent percent fraquency of wind speeds observed from

sach direction

f‘ TooRr T- BR af Cco--- (4% of all winds were from the N}

I’ - T T - indicates < 5% but >0.

» L ‘ 0T (1% of ail winds were from the S with 8 speed 22-27 knots /|
) _ . “ R ‘ ' The scalar mean speed was 9.4 knots
g # CTo Number of observations.

— ) (1% of winds from all directions had wind speed 248 knots )
~
LI L WIND SPEED INTERVAL (KNOTS)
_h L % s K 0-3 | 4-6 ' 7-10 | 11-16 | 17-21{22-27(28-33|34- 40 41-47] 248 |
< - ‘ 0] 4 7 n 17 22 28 34 41 48+

ERR ‘,7 o ] Printed scale on bottom of chart
3 .3 14 4 4B+
N SEET O wNOTS)

Figure 26 - legend
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VISIBILITY

Visibility is quite variable during the yearin the
area. Heavy fog, visibility less than one-quarter
mile, with or without precipitation, averages 4% of
the time in marine area C (that portion of the Bering
Sea between 55° and 80°N latitude and east from
169 *Wiongitude to the coast). The summer months
of June and July have the most frequent extremely
low visibility at 10% while the months of
September through February show only 0-2% of
the time with visibility iess than one-quarter mile.
Less than one miie visibility in marine area C
averages 11% of the time annually varying from
3% In October to 20% in July. St. Paul Isiand, west
of the area of interest shows even poorer visiblility
with 5% annually less than one-quarter miie and

—

—~——

14% less than one mile. Other land stations on the
mainland of Alaska and the Alaska Peninsuia show
considerably better conditions with visibility less
than one mile 4-8% of the time and iess than one-
quarter 1-2%. The primary cause of low summer
visibility is fog caused by lighter winds and air
warmer than the water. Airtends to be warmer than
the water from May to September and colder from
October to Aprll.

Figures 20a-29f depict the visibllity coinciden-
tal with various wind directions.

Figures 30a-30f depict the occurrence of fog
versus various wind directions and time of day.

Figure 31 charts the incidence of fog at
various air-sea temperature differences.

Graphs: Visibility/wind direction
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Number of observations.

Curve is the cumuiative percent frequency of visibilities less
than the visibility intersected by the curve.

.- (83% of all visibilities reported were <10 nauticel

miles.)

The table below the graph indicates percent frequency of
occurrence of visibility <2 nautical miles versus wind
direction.

zv- 4+ indicstes <. 5% but >0. O indicates thet no visibilities <2

nauticel miles were observed with winds from s direction or
caim. No percentage is given if less then 10 observations were
avgilable for visibility and wind direction. An ssterisk
indicates thet the percentsge was based on 10-30 observations
of visibility and wind direction.

- (19% of all § winds were accompenied dy visibilities
<2 neuticel miles.)

Figure 29 - legend
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Graphs: Fog/time and fog/wind direction
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- Number of observations.

Bar graphs represent percent frequency of fog (without
precipitation) for various hour groupings snd wind directions.
Date are based on 100% for esch hour-group and direction
category.

= indicates <.06% but >0.

0 indicates no fog occurred with the wind direction.

. {Data show that 17% of all NW winds were
accompanied by Fog (without precipitation).)

Figure 30 - legend
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Fog/Time and Fog/Wind Direction
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Fog/Time and Fog/Wind Direction
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Graphs: Fog/air-sea temperature difference

PERCENT FREQUENCY OF THE OCCURRENCE OF FOG (Without
Precipitation) VERSUS AIR-SEA TEMPERATURE DIFFERENCE (°C)

2 3065«----- Number of observations.

Bars show the percentage of observations with
Fog (without Precipitation) for esch Air-Se3
temperature ditference category. Plotted numbers
indicete the percentage of observations in each
Air-Ses temperature difference cstegory.

)

n .

(22.7% of all observetions had sir-see
tempersture difference of +1 °C.)

(@)

G

TT--- (19% of all observations with air-sea
temperature difference of +1 °C were
accompanied by fog (without precipitation).)

= indicates <.05% but >0.

O indicates no fog with the air-ses

9 6 5 4 3 2 1 0 ' 2 ) &4 5 6 8 19 .
A% T30LEQ THAN SEA (°C) | AR WARMER THAN SEA (°C) temperature difference category.
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CLOUDINESS

Generally there are more low clouds (i.e.,
below 5,000 ft) in the western portion of the area
than eastern, often more than twice as much. Most
low cloudiness is In summer (June, July, and
August) and the least is in October and November.
Inmarine area C (that portion of the Bering Sea bet-
ween 55° and 60°N latitude and east from 168 ‘W
longitude to the coast), scattered low clouds or
clear skies occur 23-27% of the time in ail months
except July and August when frequencies are near
15%. Ceiling and visibility frequency maps from
Brower, et al. 1987 (in preparation) show that ceil-

T T ———————— p————

ings less than 600 ft, visibility less than two miles
occur around 10% of the time in October to over
30% of the time in June and July in the northern
portion of the area. The eastern end of Bristol Bay
shows less than 15% of the time with cellings less
than 600 ft and visibility less than two miles for
June and July. There is more variability in
cloudiness from southeast to northwest in summer
than in winter.

Figures 32a-32f show the amount of cloud
cover coincidental with various wind directions.

Graphs: Cloud cover/wind direction

Total Cloud Amount
Low Cloud Amount

12020 AMOUNT N EGHTHS
L3 . 2 3 4 S 6 M 8

{

Cumulative percent frequency of indicated cloud emount equal to or iess
than the amount intersected by the curve.

.-~ - Obscurations.
_.---- (78% of all totel cloud amounts were 57/8.)

- {67% of all low cloud emounts were 54/8.)

5/8 &

6/8

2778

Low cloud amount: Percent frequency of observetions
from each direction and caim thet were sccompanied
by tow cloud amounts 25/8 and 27/8 (inciuding ob-
scurations). Low clouds are clouds with bases <8000 feet

.- {29% of all SE winds were accompeanied by low cloud
amounts 26/8 and 12% by low cloud smounts 27/8 )

An asterisk indicetes that the percentage is based on
10-30 observations of wind direction, totsl snd iow
cloud amount. O replaces ber graph when no low cloud
smounts 25/8 wers observed with a wind direction or
ceim. O or bar is omitted when number of observations
of totsl and low cloud smount from a wind direction
or caim is less than 10.

:: . Number of totel cloud (TC) and low cloud (LC) observations.
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BRISTOL BAY SEA ICE FORMATION AND DRIFT

Bristol Bay lies at the southern limit of true
seasonal ice. In an average year, the ice in the Ber-
ing Sea begins to form and move southward during
late October, reaching its southern limit during
February.

By mid-October, sheltered tagoons of the in-
nerbay, whose waters are significantly diluted with
fresh water and less affected by winds, start to
form ice covers. Considerable amounts of
freshwater ice formed in the larger tributary rivers
may enter the bay at this season. By December, low
air temperatures cause widespread local freezing.
Persistent northerly winds move pack ice from far-
ther north in the Bering Sea into the bay producing
conditions in which more than 50% of the inner bay
has greaterthan 10% ice cover. Scatteredice floes
are found south and east as far as a line between
Port Moller and the Pribilof Islands.

The most severe sea ice conditions occur in
February and March, when coverage varying from
10% to 70% may persist over the bay. Ice coverage
varies according to the height of the tide, with max-
imum coverage occurring at low tide.

Due to highly variable temperatures, tides,
and winds, packice in Bristol Bay consistsofacon-
tinually changing mass of irregular, detached floes
and cakes which are always in motion. The ice field
constantly breaks up, piles, and telescopes
through ever-changing pressures and is never real-
ly a continuous ice cover. Voids between pans
freeze, then this new sheet breaks up followed by
freezing of ever newer leads and voids. This pro-
cess usually continues through many cycles. The

ice edge is generally ragged and scattered during
fall and winter when ice is forming.

Long, linear pressure ridges in the pack
ice—common features in polarice—seldom occur
in Bristol Bay. Instead, low circumferential ridges
form on the peripheries of the interacting floes and
cakes.

When persistent northeasterly winter winds
cause movement of sea ice southwestward into
the less confined area of the mouth of the bay and
beyond, it breaks up into large pans about 16-20 km
(6-12 mi) in diameter.

Pack ice is occasionally blown southward
across Bristol Bay by strong northerly winds and
piles up quickly into massive grounded ridges
along the Alaska Peninsula shores in waters less
than 20 m (66 ft) deep. These ridges then become
the root of a fast ice zone along the Alaska Penin-
sulaforthat season.Intheinnerbaythere aremany
scattered areas of fast ice in small bays and inlets,
and the mouths of small streams feeding them may
be frozen.

In the spring, generally beginning in April, sea
ice begins to move northward out of Bristol Bay. At
this time the ice edge is usually more compact.
Fast ice breaks up as coastal streams break out,
flooding theice and accelerating its decay. Serious
ice conditions may persistin the outer bay well into
the spring. Large masses of scattered ice have in-
terfered with shipping well into May and June of
some years (AEIDC and ISEGR 1974; Stringer 1980;
U.S. National Ocean Survey 1985).

ICE EDGE LOCATION AND FIVE-TENTHS ICE

CONCENTRATION BOUNDARY

Semimonthly information on the probabilities
of the locations of the ice edge and the five-tenths
ice concentration boundary are presented in
figures 33a through 33p and figures 34a through
34p, respectively, from source information cover-
ing a 29-year period from 1953 to 1981 (Webster
1981, 1982), as displayed in LaBelle, et al. (1983).
The ice edge is the southernmost extent of sea ice
coverage of any concentration at any given time.
The five-tenths ice concentration boundary is the
ice concentration above which icebreaking

vessels are needed for navigation. Ice concentra-
tion, however, implies nothing about ice thickness
or strength.

The separation be;ween the ice edge and the
five-tenths ice concentration boundary is greatest
during the period that the ice edge is retreating
northward, during the late spring and summer mon-
ths. During periods when the ice edge is either sta-
tionary or advancing southward during then fall,
winter, and early spring, the two boundaries are
coincident.
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ICE CONCENTRATION

Monthly ice concentrations from data for the
years 1954 to 1977, adapted from Potocsky (1975)
and Walsh (1978, 1979), as displayed in LaBelle, et
al.(1983), are presented in figures 35a through 359.
The estimated ice edge shown in the maps is the
mean location of the ice edge over the period of

ICE FLOE DISTRIBUTION

Figures 36a through 36n show semimonthly
profiles of floes that are from 500 m (1640 ft) to
greater than 10 km (16 mi)in diameter (i.e., big, vast,
and giant floes), as dispiayed in LaBelle, et al.

CALCULATED ICE THICKNESS

Ice thicknesses, as calculated from normal
freezing degree day accumuiations, are presented
in figures 37a through 37g. Data from 1922 to 1984
were used. Ice thickness data shown apply to level
first-year ice formed in situ with no snow cover.
Actual ice thicknesses for any given season will
vary depending on actual air temperatures, the
amount of snow cover, and underlying sea surface
currents. Generally, as snow coverincreases, form-
ing an insulating cover over the ice, ice growth
decreases.

145

time covered. This means that youcould expectthe
ice edge to be north of the line 50% ofthe time, and
south of the line 50% of the time.

Ice concentrations are plotted in categories
(in tenths of ice coverage) of 1-2, 3-4, 5-6, 7-8, and
9-10.

(1983). This information was derived from Potocsky
(1975), using data from 1954 to 1970. These datado
not imply anything about ice thickness.

In order to provide as great an area coverage
as possible, ice thicknesses were calculated for
the nearest reporting weather stations. in some
cases, these stations were not located on the coast
(i.e., Bethel is located about 50 mi up the
Kuskokwim River from Kuskokwim Bay). In these
cases, accumulated freezing degree days may be
slightly higher than those that would be recorded
at the coast, leading to slightly higher ice
thickness caiculations.
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RECURRING POLYNYAS

Strong northeasterly offshore winds around
the perimeter of Bristol Bay, combined with a lack
of a barrier to pack ice movement in the southwest,
frequently cause a southwestward movement of
pack ice out of the bay. This causes the formation
of open water polynyas south of much of the bay’s
northern shores and islands in which new ice is
constantly forming (Stringer 1980).

NEARSHORE ICE

Fast ice is defined as any ice that is attached
to the shore. Most fast ice forms in place, but pack
ice that drifts into the area and freezes into place
may be included. Figures 39a through 39¢ present
the seasonal fastice boundaries for the Bristol Bay
area. These are derived from LANDSAT data
analysis from 1973 to 1977 (Stringer, Barrett, and
Shreurs 1980), as displayed in LaBells, et al. (1983).
Figure 40 presents a generalized summary of near-
shore ice characteristics (Stringer 1980).

In some locations in Bristol Bay fastice forms
in place, growing thicker over time. Frequently,
however, formation of fast ice is dependent on ice
dynamics during a particular season. Forexample,
the fast ice may begin to form in place, but a storm
may biow in that withdraws the ice from shore and
breaks much of it into small cakes. Following this
the storm may drive the ice back to shore again.
The small ice cakes wouid then freeze together in
an extensive rubble field and become the fast ice
for that year.

Fast ice is sometimes formed along the nor-
thern shores of the Alaska Peninsula in heavy ice
years when persistent northerly winds drive Bristol
Bay pack ice southward into shallow waters. The
ice quickly piles up into grounded ridges which
then form the core of a fast ice zone. When ice
drives ashore, it may overtop the shore and
bulldoze part of the beach surface ahead of it, form-
ing low ice-push ridges of gravel and sand (up to
about 2 ft high).

These wind-induced polynyas are frequent but
undependable features. The features are temporal
and close when the wind shifts to southerly fiow
(usually accompanying cloudy weather). Figure 38
presents the recurring wind-induced polynyas in
the Bristol Bay area (LaBelle, et al. 1983).

Fasticeisgrounded inthe shallow waternear-
shore. Beyond its seaward extent, which is depen-
dentuponicethickness, thefasticeisafloat. Atthe
boundary between grounded and floating fast ice,
a series of tide cracks forms which act as a hinge
allowing the floating ice to move upward and
downward as the tide cycles. As the ice thickens
during the winter and the grounded ice boundary
moves seaward, active tide cracks form anew leav-
ing behind a series of older, inactive tide cracks.
These are often covered with snow. With the high
tidal range in Bristol Bay, a zone of active tide
cracks often forms, with the currently active tide
cracks determined by the current tide state andice
thickness.

Grounded pressureridges occur atthe fastice
edge, resulting from the impingement of the mov-
ing pack ice against the stationary fast ice. The
grounded keels of these ridges often gouge the sea
floor to depths of about 0.5-1 m (1.6-3.3 ft). Forces
due to large tidal variations commonly cause
breaks and other disruptions in these ridges. Also,
there are many areas in Bristol Bay, especially
along its northern shores, where ice motion has a
significant seaward component due to prevailing
northerly winds. In these areas, interaction
between pack ice and fast ice is minimal and
grounded ridges seldom occur (Stringer 1980;
LaBelle, et al. 1983).
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Seasonal Fast Ice Boundary
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Generalized Summary of
Nearshore Ice Characteristics
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LEGEND TO GENERALIZED SUMMARY OF

NEARSHORE ICE CHARACTERISTICS

' Most frequently observed ice motion.
' g Prevailing wind direction, November to April.

Generalized edge of fast ice.

1. Area of great variability of fast ice edge. ice 8.
grounds on extensive shoals during winter
months, extending fast ice. These features
tend to erode back as spring approaches. 9.

2. Fasticeusuallyislocated in watersless than
6 m (20 ft) deep at top of bench, dropping off
abruptly to 14 m (46 ft). Tidal activity and 10.
absence of ridging are responsible for lack of
fast ice past these depths, making fast ice
edge stable. 1.

3. Fast ice in Hazen Bay correiates with mud
flats.

4, Area of great variability of fast ice edge. The 12.
seaward limit of the average edge of fast ice
coincides withthe 6 m (20 ft)isobath, while the
shoreward timit is in waters about 3 m (10 ft)
deep. Flushing action by tides may be respon- 13.
sible.

5. Fasticearound Nunivakisiandis confinedto 14,
waters inshore of the 20 m (66 ft) isobath with
the exception of two locations:
15.
A. Inthis portion of the southern coastthe 20
m (66 ft) isobath is very close to shore, yet
because of protection offered in this area,
fast ice extends far seaward. 16.
B. it appears that southward moving ice
piles up in this area.

8. Pack ice generally in motion southward 17.
through Etolin Straits can pile up on shoais.

7. Fasticeislocated over mud flatsin waters no
deeper than a few meters.

180

Tidai action is responsibie for removing ice
from Kuskokwim River channel.

This area often contains open water and
broken ice, with ice rubble piles found on
shoais.

Pack ice often shows signs of repeated
breakage and formation of newer ice.

Fastice shows somevariationin extentdueto
occasional grounding on shoais, and is
generally found in waters less than 6 m (20 ft)
deep.

Fast ice on the northern side of Bristoi Bay is
confined to highly protected areas with water
depths less than 4 m (13 ).

This area often contains open water or newly
formed ice.

Iceinthis areais often compacting orgrowing
in thickness as it moves southward.

lce within Bristol Bay is often composed of
several ages, formed as older ice breaks into
pans and the voids freeze with new ice.

Fastice alongthe easternendofBristol Bayis
limited to an area close to shore by offshore
winds and currents.

During years with extensive Bering Sea ice,
fast ice can be found along this coast. Winds
tend to drive ice onto shore. In some of these
years an extensive shear ridge forms along
the seaward fast ice boundary.



FREEZEUP AND BREAKUP DATES

Table 9 presents ice freezeup and breakup
dates for several coastal locations in the Bristol

National Ocean Survey

1985).

The earliest,

average, and latest dates of freezeup and breakup

Bay area (LaBelle, et al. 1983; Potocsky 1975; U.S. are shown.
Table 9. Freezeup and breakup dates.

FREEZEUP BREAKUP
Location Earliest Average Latest Earliest Average Latest
Naknek Oct 28 Nov 15 Nov 28 Mar 30 Apr 21 May 10 (1954-71)
Egegik Nov 12 Dec 12 Jan 11 Mar 16 Apr 14 May 1 (1937-52)
Koggiung Nov 23 Dec 22 Jan 30 Apr 26 May 4 May 13 (1937-40)
Dillingham Oct 16 Nov 7 Dec 22 Apr 25 May 9 May 27 (1919-52)
Kanakanak Oct 14 Nov 20 Dec 21 Apr17 May 2 May 22 (1937-43)
CapeNewenham Nov 29 Dec 10 Dec 25 Mar 17 Apr 13 May 17 (1954-71)
Platinum Oct 23 Nov 19 Dec 12 Apr8 May 1 May 25 (1928-52)
Quinhagak Oct 20 Nov 15 Dec 30 Apr 10 May 1 May 17 {1929-52)

(Sources: LaBelle, et al. 1983; Potocsky 1975; U.S. National Ocean Survey 1985)
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